University of Alabama in Huntsville

LOUIS
Honors Capstone Projects and Theses

Honors College

4-25-2022

Using Systems Tool Kit to Model Possible CubeSat Orbits
Michael Wahl

Follow this and additional works at: https://louis.uah.edu/honors-capstones

Recommended Citation
Wahl, Michael, "Using Systems Tool Kit to Model Possible CubeSat Orbits" (2022). Honors Capstone
Projects and Theses. 751.
https://louis.uah.edu/honors-capstones/751

This Thesis is brought to you for free and open access by the Honors College at LOUIS. It has been accepted for
inclusion in Honors Capstone Projects and Theses by an authorized administrator of LOUIS.

Using Systems Tool Kit to Model Possible
CubeSat Orbits
By

Michael Wahl

Kehla
Meacham

CJ Rojas

An Honors Capstone
submitted in partial fulfillment of the requirements
for the Honors Diploma
to
The Honors College
of
The University of Alabama in Huntsville
April 25, 2022
Honors Capstone Director:
Dr. Matthew Turner
Research Engineer

4/22/2022

4/22/2022

Student

Date
4/22/2022

Student
Director
Department Chair

William Wilkerson
Honors College Dean

Date
04/29/2022
Date

04/29/2022
Date

Digitally signed by William Wilkerson
Date: 2022.04.29 16:03:55 -05'00'

Date

Student

Date

Using Systems Tool Kit to Model Possible CubeSat Orbits 1

Honors College
Frank Franz Hall
+1 (256) 824-6450 (voice)
+1 (256) 824-7339 (fax)
honors@uah.edu

Honors Thesis Copyright Permission
This form must be signed by the student and submitted as a bound part of the thesis.
In presenting this thesis in partial fulfillment of the requirements for Honors Diploma or
Certificate from The University of Alabama in Huntsville, I agree that the Library of this
University shall make it freely available for inspection. I further agree that permission for
extensive copying for scholarly purposes may be granted by my advisor or, in his/her absence,
by the Chair of the Department, Director of the Program, or the Dean of the Honors College. It is
also understood that due recognition shall be given to me and to The University of Alabama in
Huntsville in any scholarly use which may be made of any material in this thesis.
Cassius Rojas

..

.

Michael Wahl

Student Name (printed)

Student Name (printed)

Student Signature

Student Signature

4/22/2021

4/22/2021

Date
Kellan Meacham

Date
.

Student Name (printed)

Student Signature
___4/22/2021___
Date

.

.

Using Systems Tool Kit to Model Possible CubeSat Orbits 2

Table of Contents
Table of Contents

2

Abstract

3

Introduction

4

Analysis of Potential Orbits

8

Optimization of Orbital Elements

8

Communication of Systems Design and Link Budget

13

Analyzation of Results

17

Future Improvements

21

Conclusion

22

References

23

Appendix

25

Using Systems Tool Kit to Model Possible CubeSat Orbits 3

Abstract
The goal of this project was to utilize the Systems Tool Kit program (STK) in
order to find an optimum orbit for a 3U CubeSat studying the South Atlantic Anomaly (SAA).
The SAA is a region of high radiation above the southern Atlantic orbit that causes exposure to
high levels of radiation and disruptions to communications. STK is a computer program that
analyzes orbits and has communication abilities that has allowed the group to investigate
different orbit possibilities. A predicted optimum orbit was created by combining the analysis of
three different data sets that investigated how different values for the orbital elements would
affect the CubeSat. The CubeSats from the original data sets were then linked to a ground-station
and the STK software was used to model an radio frequency (RF) communication system
designs and subsequent linked budget analyses. The results showed that the predicted optimum
orbit that was originally calculated was one of the better orbits, but the orbit that was chosen was
the SMA-7000 (semi-major axis is equal to 7000 km) due to it having a significantly lower
average effective isotropic radiated power (EIRP). These results demonstrate that there are better
options that have not been analyzed and that further research can be conducted in order to
discover more adequate options.
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Introduction
Before discussing how software was used in order to predict possible orbits, it is
important to understand some background information about the South Atlantic Anomaly, the
Systems Tool Kit, and information about orbital mechanics. The Earth’s magnetic field is
generated from the molten iron that surrounds the planet’s outer core. The area that the Earth’s
magnetic field interacts with charged particles is known as the magnetosphere. The
magnetosphere deflects incoming solar wind and cosmic rays, which protects life on Earth as
these dangers would strip away most of the atmosphere, along with other detrimental threats [1].
The “Van Allen Radiation Belts” is a phenomenon that traps incoming particles that are
not deflected. The inner belt is approximately 645 kilometers above the Earth’s surface. The
SAA region is where the Van Allen Radiation Belt dips the closest to the Earth’s surface only
being around 190 kilometers from the surface. This leads to spacecraft in Low Earth Orbit (LEO)
being exposed to large amounts of trapped high-energy particles. The SAA can be characterized
as an area that has a weak local geomagnetic field, which can lead to a lethal amount of radiation
exposure. Another issue in the SAA at surface level is that communications can be disturbed due
to the induced currents in transmission lines during geomagnetic storms. [5] There are different
ways that spacecraft can counter the effects of the SAA. The technique that is most commonly
used is using radiation hardening components on the spacecraft.
The software that is used in this project is known as Systems Tool Kit (STK). This
system allows engineers to analyze complex systems with focus on their operational
environments [6]. STK produces realistic, time-dynamic 2-D and 3-D models that can be used to
analyze mission performance. STK has a large variety of different tasks that it can perform
including modeling the SAA, and modeling different types of ground, sea, air, and space assets.
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The STK software also generates customized reports that give you a plethora of information.
These reports cover a wide range of information, but for this project the most important
information given were about the SAA and about the spacecraft’s orbit. This will be talked about
in more detail, when discussing the results of the project.
Another key concept needed for this project is orbital mechanics, which is defined as “the
study of the motions of artificial satellites and space vehicles moving under the influence of
forces”. [] The six mathematical quantities that are use interpret an orbit are known as the
“orbital elements”, which include: semi-major axis (a), eccentricity (e), inclination (i), argument
of periapsis (⍵), time of periapsis passage (T), and the longitude of ascending node (𝛀). The
semi-major axis is the distance from the origin either side of the ellipse along the x-axis. The
equation for the semi-major axis is seen below.
𝑎=

1
2

(𝑟1 + 𝑟2)

(Eq. 1)

The r1 and r2 terms are the periapsis and the apoapsis. The periapsis is a term that refers to the
point where the orbit is closest to the primary body, while the apoapsis refers to the point that is
the furthest from the primary body. When discussing the Earth, the periapsis becomes the perigee
and the apoapsis becomes the apogee. This means that this project will be looking at the
argument of perigee and the time of perigee passage. The eccentricity is how long the orbit
appears as most orbits are in the shape of an oval, with an eccentricity of 0 creating a circle. This
term is usually between 0 < e < 1. This term can be defined as a ratio of the distance from the
center of the ellipse to either focus. The inclination is the angular distance between the equator of
the Earth and the satellite’s orbital plane. The longitudinal of the ascending node is the angle
between the ascending node and the Vernal Equinox. The argument of perigee is the angular
distance between the perigee and the ascending node. The node where the satellite crosses the
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plane going from south to north is referred to as the ascending node. To get a clearer picture of
this, refer to figure 1.

Figure 1: Angular Model of Orbit [2]
The next section of the project takes possible orbits and builds a communication system
for the satellite in order to gauge the effectiveness of the communication system at that orbit.
Analyzing the communication system performance is crucial to the design of a successful
satellite mission. Without the ability to send data effectively to and from the satellite, the entire
mission is irrelevant. As a result, the communication system design becomes one of the most
important factors within satellite mission design. To put in perspective, a satellite completing all
science objectives becomes insignificant if the data collected cannot be downlinked to the
necessary efficiency. Another case being that a satellite unable to uplink data effectively will fail
to perform properly and become an inefficient use of time, money, and resources for the design
team. Therefore, STK is used within this project to determine the performance of an assumed
communication system for different types of orbits. The communication system assumed for this
project can be separated into satellite components and ground station components. These
components specifications will be described in greater detail later in the report.
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The basics of satellite communication performance can be described in the ability for the
satellite to transfer data with the numerous losses that occur from the environment and
equipment inefficiency. To summarize this ability, a link budget is constructed to account for all
the gains and losses within the entire system. STK was used in this project to produce link
budget results for the length of the mission. This data is then used to analyze the performance of
the communication system for that particular orbit.
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Analysis of Potential Orbits
In order to perform orbital analysis with STK, a 5 kg 3U CubeSat with dimensions 10 cm
x 10 cm x 30 cm was considered. Multiple possible orbital paths varying in inclination and
altitude were analyzed first. Their coverage over the SAA was determined over the 6-month
mission lifetime.

Optimization of Orbital Elements
In order to perform this analysis, the SAA was first generated on STK. For this section
the SAA was modeled by creating a file that listed the coordinates of the boundaries of the SAA
and reading that file into STK, which created the region. Next, multiple CubeSats were created
inside of the STK modeling program at altitudes of either 200 km or 600 km, and inclinations
ranging from 30 to 60 degrees. These varying inclinations are shown below on the 2-D model of
the Earth in Figure 2 where the white patch represents the SAA.

Figure 2: 2-D Orbital Inclinations with STK at 200 km
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Figure 3: 3-D Orbital Inclinations with STK at 200 km
Once the orbits details were set, a sensor was generated for each CubeSat. The model
would then determine when each CubeSat would pass through the SAA, and what percentage of
the SAA the CubeSat could study within its 6 month lifespan. This information is shown below
in Table 1.
Table 1: Orbital Details for CubeSat
Altitude (km)

Inclination (degrees)

Coverage

200

30

14.88%

200

35

15.52%

200

40

17.10%

200

45

15.74%

200

50

14.59%

200

55

15.52%

200

60

11.83%

600

30

13.83%

600

35

13.87%

600

40

14.18%

600

45

14.26%
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600

50

13.85%

600

55

11.78%

600

60

10.27%

In this demonstration it is assumed that the SAA is in the same coordinates at all altitudes
between 200 km and 1300 km. The average coverages were calculated through Excel and it was
determined that the best inclination to use was at 40 degrees. This information was determined to
be insufficient to produce the desired results as these orbits were circular and excluded other
essential orbital elements. Therefore, this first set of orbits was used as a baseline to produce and
model orbits more effectively.
The next step in this project was to implement the inclination found in the previous step
and apply it to STK’s orbital mechanics. STK allows for users to create their own orbits by using
the 6 orbital elements as inputs. Figure 4 shows a model of these inputs with the based numbers
that were used, along with the units of each element. STK’s Space Environment Effects Tool
(SEET) was also essential in creating these models. The SEET includes radiation data for a range
of altitudes over the Earth’s surface, which allows for creating a precise 2-D and 3-D model of
the SAA. This is illustrated in STK by a shaded region that changes based on the altitude of the
satellite at that time, which can be seen in figure 5.
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Figure 4: STK Orbital Elements Base Inputs
For this section, there were 3 sets of data with 5 satellites each. The three sets of data that
were calculated were based on changes to the semi-major axis, the eccentricity, and the argument
of perigee. After inputting different values for a specific orbital element, STK will produce the
different orbits for each satellite.

Figure 5: STK orbits for different semi-major axes
Once the different orbits are produced, reports through STK can be run in order to get the
needed data. As mentioned in the introduction, there are a plethora of values that the software
has calculated. The information that is important for this project pertains to the 6 orbit elements,
the time spent in the SAA, and the altitudes entering and exiting the SAA. Figures 6 and 7
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illustrate a small sample size of the base model report generated as it contains thousands of
numbers for the 6 month period from the numbers shown in figure 4. A separate report was
generated solely for the duration of the SAA and this report was converted into a csv/Excel file.
The duration the satellite spent in the SAA was measured in seconds. In the Excel sheet, the sum
of all of the duration numbers were taken and divided by the number of seconds in 6 months
(183 days). This number was calculated to be 15,811,200 seconds in 6 months.

Figure 6: Sample orbital elements output for the baseline orbit

Figure 7: Sample altitude and duration in the SAA for the baseline orbit
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After the three different sets were produced, there was a predicted optimal orbit based on
prior knowledge gathered from the previous tested orbits. This was believed to be the best
possible test for the percentage of mission time spent in the SAA. The values that were selected
for the 3 changing variables were 8000 km for the semi-major axis, 0.08 for the eccentricity, and
a 90 degree argument of perigee. These 3 values were selected because they produced the best
results for time in the SAA for their respective data sets.

Communication System Design and Link Budget
To properly analyze the viability of an orbit, the communication system performance
must be considered. However, due to the complexity of RF communication designs, many
assumptions were made to simplify the process for this project. These will be defined throughout
the report but the first assumption made was the ground station being defined at a latitude of
34.7226 deg and a longitude of -86.64 deg. This location is known officially as UAH
Engineering Building and provides the most convenient option.
The first step in achieving this is defining communication components in STK so that a
proper link budget analysis can be generated. The ground station components used were the
VHF/UHF Ground Station Kit from ISISpace. This kit consists of a radio, rotor, and antenna.
The radio was modeled as a separate transmitter and receiver within STK in order to represent
the radio specifications in a convenient manner. The rotor was modeled with the use of a
targeted sensor within STK. This allows for the antenna and motor’s ability to track and lock on
to the CubeSat omce witchin the line of sight to be simulated. The specifications for these
components are shown later in the report in table 2 along with CubeSat components. To
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accurately construct the system as a whole the transmitter and receiver were both individually
linked to the antenna. This represents the real system where an antenna is shared with multiple
components. The antenna was also created within STK attached to the tracking sensor. The
representation of this construction of components within the STK object browser is shown in
Figure 12 in the appendix. Below is a visualization of the tracking sensor and ground station.

Figure 8 (Left) and Figure 9 (Right): A Visualization of the Tracking Antenna Tracking A
Passing Satellite and a Satellite Image of the Ground Station

After the ground station design was completed, the communication system on the
CubeSat was designed. The components used were the UHF Transceiver II and UHF Antenna
from EnduroSat. The transceiver was again modeled within STK as a separate receiver and
antenna to simplify the simulation. All three components were constructed in the same fashion as
the ground station components with the exception that they were attached to the satellite rather
than the ground station. These components were used on each orbit case to achieve an accurate
comparison.
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Table 2: Notable Metrics For Chosen Components
Ground Antenna

CubeSat Antenna

Gain ( decibel - dB)

15.56

>0

Polarization

Right Hand Circular

Right Hand Circular

Ground Transmitter

CubeSat Transmitter

Frequency (MHz)

438

438

Data Rate (kilobits/sec)

9.6

19.6

Ground Receiver

CubeSat Receiver

Frequency (MHz)

438

438

System Noise Temperature
(K)

290

290

It is worth noting from the values above that the gain of the ground antenna is very
directional, represented by the high number, while the CubeSat antenna is omnidirectional. The
tracking feature of the antenna and the omnidirectional CubeSat antenna pairs for a very efficient
design, which will be seen in the link budget analysis.
The analysis of the communication system was done using STK’s link budget feature.
Selecting a transmitter and receiver allow’s STK to perform a link budget analysis on the link for
the selected time interval. For the purposes of this project, the link was evaluated between the
ground station receiver and satellite transmitter for each orbit. Only this link was evaluated since
the components the simulation are representing would combine the functions of the transmitter
and receiver together. This link was also chosen since the satellite transmitter will have the lower
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output power, which in turn means the link will be weaker than the ground station transmitter to
the satellite receiver. The link budget evaluation provided values for important metrics over the
course of the 6 months. A measurement is recorded every specified time step for the time the link
is connected. This is represented in the sample report data shown below in figure 10.

Figure 10: Sample Link Budget Analysis Data
A significant metric shown here is the Bit Error Rate (BER). It represents the error in
received bits over a certain amount of time. In other words, this is defined as the amount of data
that fails to get sent at a certain time and link strength. An industry acceptable error rate has a
value at about 10e-13 for data transmission. As can be seen in the above data, the BER is
essentially negligible at a value of 10e-30. This is due to a number of factors, the most
significant being the tracking feature of the antenna. This greatly increases the performance of
the communication system when the CubeSat can be focused on with a signal. Therefore, this
represents a very efficient setup to consider when designing ground station communication
systems. Another factor in this value is the minimum account for losses within the analysis.
Losses that were not accounted for include cable attenuation, connector losses, and harsher
environment considerations such as rain. These were not considered in order to keep the
simulation as simple but accurate as possible. However, they would have to be kept in mind for
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an in-depth analysis. The BER was negligible for every orbit tested due to these factors,
therefore a different metric was used to determine the performance of the communication system
for each orbit, which will be discussed in the next section.

Analyzation of Results
The three metrics selected in choosing the optimal orbit include: percentage of mission
time spent in the SAA, percentage of mission time spent connected to ground station, and
average effective isotropic radiated power. The percentage of time spent in the SAA and
connected to the ground station is crucial to analyze because of the importance of comparing
these two values in order to determine a viable orbit. The average Effective Isotropic Radiated
Power (EIRP) serves as the link budget component when selecting a viable orbit due to the fact
that the value reflects the power necessary for the receiver. This in turn, affects the efficiency of
the design and viability of the orbit. Listed below in table 2 are values for these metrics for each
orbit.
Table 2: Results for each modeled satellite
Orbit

Percentage of
Mission Time spent
in the SAA

Percentage of
Mission Time spent
Connected to
Ground Station

Average Effective
Isotropic Radiated
Power (dBW)

SMA-6750

2.77%

4.20%

1.94

SMA-7000

6.20%

6.35%

2.30

SMA-8000

12.37%

11.19%

3.00

SMA-9000

11.85%

15.32%

3.30

SMA-10000

11.23%

18.30%

3.47

ECC-0.0

5.81%

4.95%

2.45
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ECC-0.02

6.20%

6.31%

2.30

ECC-0.04

7.01%

5.45%

2.30

ECC-0.06

8.01%

5.41%

2.27

ECC-0.08

9.27%

4.92%

2.29

AOP-0

5.97%

6.58%

2.35

AOP-30

6.30%

6.16%

2.28

AOP-60

6.48%

5.83%

2.22

AOP-90

6.51%

5.77%

2.19

AOP-120

6.48%

5.83%

2.20

Predicted Optimum
Orbit

9.84%

10.73%

2.93

The results above reveal the trends in the selected metrics when changing a certain
parameter. As can be seen, there is no discernable trend in the effect on the metrics when
increasing the argument of perigee. This is due to the fact that the angle of perigee is only the
angular distance between the perigee and the ascending node. Because of this, the actual distance
between the perigee and the ascending node becomes a smaller factor as the angle grows. The
slight increase in eccentricity resulted in orbits that increased in their time spent in the SAA, but
did not produce a trend in the other two metrics. The reason for this is that eccentricity slightly
affects the altitude of the CubeSat when crossing the path of the SAA, which means that when
the eccentricity is increased the CubeSat will technically travel through the SAA for an extended
time period. The increase in the semi-major axis causes the increase trend in all three metrics.
This is the expected result due to an increase of the semi-major axis increasing the altitude of the
orbit. A higher altitude orbit correlates with a slower orbit as well, increasing the amount of time
the CubeSat is in the line of sight of the ground antenna, and the amount of power required by
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the transceiver. It also correlates with more time spent in the SAA since the orbit passes through
a larger portion of the dip down by the inner Van Allen Radiation Belt.

The two main factors looked at when choosing the “optimum orbit” were that the
percentage of mission time spent connected to the ground station must be higher than the time
the CubeSat spent in the SAA and that the average EIRP must meet regulatory values. The
percentage of mission time spent connected to ground stations must be higher than the time spent
in the SAA. This is because the majority of science objectives will collect more data per second
than CubeSat common data rates. Therefore, it is necessary to include this criteria to account for
this. The EIRP is firstly defined by the equation shown below

Figure 11: Equation For Effective Isotropic Radiated Power[9]
As mentioned before, cable and connector losses were not taken into account for this analysis, so
the only components of the equation left are gain of the antenna and transmitter power. Since the
gain is a fixed value, a higher EIRP value would be representative of a higher required
transmitter power, which is why the criteria selected is the EIRP value being as low as possible.
This would result in a system that doesn’t require as much power as one with a higher value and
be a more efficient design. Considering all of these criteria, the two choices that are the most
viable are the SMA-7000 and Predicted Optimum orbits.Since the ratio for time connected to the
ground station vs time in the SAA is similar, the SMA-7000 orbit is chosen due its significantly

Using Systems Tool Kit to Model Possible CubeSat Orbits 20

lower EIRP value. This is not the expected result as it would have been expected that the
Predicted Optimum orbit would have significantly more desirable values. However, the
SMA-7000 orbit is at lower altitude providing the most advantageous values for the orbits tested
and assumptions considered.
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Future Improvements
STK was extremely beneficial in modeling the different CubeSat orbits and the SAA, but
it could have been used more efficiently by finding different possible orbits. An obstacle that had
to be avoided was definitely finding the constraints placed by the SAA. There were orbits where
the semi-major axis was too big and the SAA would be completely missed by these orbits. An
improvement could be finding more orbits in LEO.
To improve the accuracy of the link budget testing in the future, a more in-depth design
would be needed. As mentioned previously, losses taken into account were kept at a minimum,
so values such as cable attenuation, connector attenuation, and atmospheric losses would need to
be considered. Another improvement that could be made is the modeling of a single component
able to both receive and transmit signals within STK. This is able to be done through the use of
the chain feature within STK. This chains objects together and allows them to essentially serve
as one component. This would be a more accurate representation of the components that the
project components were based on and inherently provide a better analysis of orbits.
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Conclusion
The original purpose of this project was to learn about how to utilize the STK software in
order to model different CubeSat orbits and to find the optimum orbit to study the SAA. After
diligent research and experimentation, it has been determined that the best orbit to use from the
datasets is the SMA-7000. The Predicted Optimum orbit was a viable option and had a similar
percent of time in the SAA to percent of time connected to the ground station ratio. But, the
SMA-7000 orbit was chosen due to it having a much smaller average EIRP. This reflects the
criteria that was defined based upon results within the analysis of the orbits. The EIRP was
chosen as criteria due to the efficiency of the tracking antenna producing negligible
Bit-Error-Rates (BER). This setup, through the course of this project, proved to be highly
efficient relative to others. The analysis done through this project defined the basic orbital
mechanics and RF parameters needed to define a viable CubeSat orbit.
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Appendix
Table 3: Orbital Element Values for Semi-Major Axes Data
Semi (km)

Eccentricity Inclination RAAN
(degrees)
(degrees)

Argument Name of
of Perigee Orbit
(degrees)

Percent of
mission in
SAA

6750

0.02

40

100

20

SMA-6750

6.20%

7000

0.02

40

100

20

SMA-7000

2.77%

8000

0.02

40

100

20

SMA-8000

12.37%

9000

0.02

40

100

20

SMA-9000

11.85%

10000

0.02

40

100

20

SMA-10000 11.23%

Table 4: Orbital Element Values for Eccentricity data
Semi (km)

Eccentricity Inclination RAAN
(degrees)
(degrees)

Argument Name of
of Perigee Orbit
(degrees)

Percent of
mission in
SAA

7000

0.00

40

100

20

ECC-0.0

5.81%

7000

0.02

40

100

20

ECC-0.02

6.20%

7000

0.04

40

100

20

ECC-0.04

7.01%

7000

0.06

40

100

20

ECC-0.06

8.01%

7000

0.08

40

100

20

ECC-0.08

9.27%

Table 5: Orbital Element Values for Argument of Perigee data
Semi (km)

Eccentricity Inclination RAAN
(degrees)
(degrees)

Argument Name of
of Perigee Orbit
(degrees)

Percent of
mission in
SAA

7000

0.02

40

100

0

AOP-0

5.97%

7000

0.02

40

100

30

AOP-30

6.30%

7000

0.02

40

100

60

AOP-60

6.48%

7000

0.02

40

100

90

AOP-90

6.51%
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7000

0.02

40

100

120

AOP-120

6.48%

Figure 12: Construction of Components in the STK Object Browser

